Graduate Theses, Dissertations, and Problem Reports
2004

Doppler global velocimetry measurements in a wing flow field
with tip blowing
Andrew Douglas Starn
West Virginia University

Follow this and additional works at: https://researchrepository.wvu.edu/etd

Recommended Citation
Starn, Andrew Douglas, "Doppler global velocimetry measurements in a wing flow field with tip blowing"
(2004). Graduate Theses, Dissertations, and Problem Reports. 1466.
https://researchrepository.wvu.edu/etd/1466

This Thesis is protected by copyright and/or related rights. It has been brought to you by the The Research
Repository @ WVU with permission from the rights-holder(s). You are free to use this Thesis in any way that is
permitted by the copyright and related rights legislation that applies to your use. For other uses you must obtain
permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license
in the record and/ or on the work itself. This Thesis has been accepted for inclusion in WVU Graduate Theses,
Dissertations, and Problem Reports collection by an authorized administrator of The Research Repository @ WVU.
For more information, please contact researchrepository@mail.wvu.edu.

Doppler Global Velocimetry Measurements in a Wing Flow Field with Tip
Blowing
By
Andrew Douglas Starn

THESIS
Submitted to the College of Engineering and Mineral Resources
At West Virginia University
In partial fulfillment of the requirements
for the degree of
Master of Science
in
Aerospace Engineering
John M. Kuhlman, Ph.D., Chair
Gary Morris, Ph.D.
Wade Huebsch, Ph.D.
Department of Mechanical and Aerospace Engineering
Morgantown, WV
2004
Keywords: Doppler Global Velocimetery, DGV, Tip Blowing

Abstract
Doppler Global Velocimetry Measurements in a Wing Flow Field with Tip Blowing
Andrew Douglas Starn
A two-component Doppler global velocimetry (DGV) system has been developed,
improved, and tested. DGV is a non-intrusive optical velocity measurement technique. DGV
measures the Doppler shift of the frequency of the light scattered by seed particles at a
specific location. The velocity of the particles is related to the Doppler shift.
DGV measurements were made in the WVU low speed wind tunnel on a turbulent jet
and on a NACA 2412 airfoil model with and without tip blowing.
The jet data generally agreed well with previous measurements. The jet velocity error
was generally within ±2-4 m/s. The offset error of up to ±10 m/s was attributed to
difficulties in cell calibration. The velocity data obtained from the airfoil measurements was
limited to the regions of space where the gray levels were high enough to yield meaningful
results. In these regions, the observed error was comparable to that of the jet.
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Chapter 1: Introduction
In studying fluid flow, it is necessary to be able to measure the velocities in the flow
to achieve a basic physical understanding or to develop a model for the flow. There are
many ways these measurements have been made, but all methods can be classified as either
intrusive or non-intrusive. Non-intrusive methods are generally optically based.
Intrusive measurement techniques involve placing something in the flow such as a
pitot probe, a hot wire probe, a pressure probe, or a temperature probe. These methods cause
a disturbance in the flow that can introduce turbulence downstream, or in the case of
supersonic flow can introduce a bow shock on a pitot probe. Advantages of these methods
include their low cost, and fast implementation at one point. Disadvantages include the
disturbance caused by the device, and that the devices are one-dimensional. To obtain the
three-dimensional velocity vector three of these devices must be used. Also, if the velocity at
more than one point is desired, the device must be traversed across the flow field.
The pitot probe measures pressure by measuring the stagnation pressure on the head
of the probe and by measuring the static pressure on the side of the probe. The probe is
connected to a manometer and the velocity is calculated by Bernoulli’s equation based on the
difference between the static and stagnation pressures. The time response for this method is
relatively slow, on the order of tens of hertz, so this method is only useful for measuring
mean flow quantities (Rae and Pope, 1984).
A second intrusive method for measuring flow velocities is hot wire anemometry. A
hot wire anemometer operates on the principles of convective heat transfer and electrical
resistive heating (Bruun, 1995). In this method a very thin wire is placed in the flow. A
current is passed through the wire and it acts as a resistor in a Wheatstone bridge. The wire
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is cooled by convection of the passing fluid as a function of the velocity of the fluid. A
change in the temperature of the wire causes a change in the resistance of the wire and this
change in resistance causes an imbalance in the Wheatstone bridge. This imbalance is
corrected by increasing the bridge voltage. This increase in voltage causes the temperature to
rise in the wire. Thus, the temperature in the hot wire is maintained constant. The velocity
can then be measured very accurately by the additional voltage applied to the wire. This
method has a frequency response in the tens of thousands of hertz and is therefore a good
method for measuring turbulent flow (Brunn, 1995). However, a single hot wire has no
sensitivity for whether the flow is moving in the positive or negative direction.
Non-intrusive measurement techniques are usually optically based. Optically based
measurement instruments typically use a laser beam as the initial source of the light.
Normally, the flow is seeded with small particles such as smoke or fog that can be produced
from small oil droplets. There is a design tradeoff between small particles that follow the
flow better and larger particles that scatter more light.
Laser Doppler anemometry (LDA) or laser Doppler velocimetry (LDV) is a basic
non-intrusive optical measurement technique. In this technique, two laser beams are directed
to intersect at a point. Interference fringe patterns are then created. When a seed particle
passes through the intersection point, it scatters light and dark bands of the interference
fringes at a frequency proportional to its velocity (Durst, 1981).

Unlike hot wire

anemometry, LDA can determine direction of the flow by use of a Bragg cell. A Bragg cell
is an acousto-optical cell, which is used to “add” a frequency shift as a known offset so that
both positive and negative velocity directions are seen as positive shifts (Durst, et al., 1981).
LDA can be used as a three-component system by focusing three pairs of beams at a single
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point with different frequencies from different directions. Advantages of this type of system
include that it is non-intrusive, can sense flow reversals, and is effective for measuring
turbulent flows. The main disadvantage is that it is a point system and if the entire velocity
field is desired, the system must be traversed across the flow.
A more recent method of optical velocimetry is planar optical velocimetry. One type
of these systems is Particle Image Velocimetry (PIV).

PIV works by illuminating the

measurement plane with two pulses of laser light spread into a two-dimensional sheet. The
pulses are timed so that a small amount of particle travel can be measured between the
pulses. The path of the particle can be found by eye or by computer. The velocity is found
by measuring the distance traveled during the known time. The advantages of such a system
include relatively rapid data acquisition rates and high accuracy especially at low fluid
velocities.

The disadvantages are primarily in the data reduction.

The data reduction

requires the examination of many frames of images, tracking individual particles, and lengthy
correlation routines that are needed to ensure the same particle is being tracked from frame to
frame (Raffel, et al., 1998). This method provides two-dimensional information, but usually
only in the plane of the laser sheet.
A second example of planar optical velocimetry is Doppler global velocimetry
(DGV). This method uses a laser light sheet similar to that of PIV. However, instead of
tracking individual particles, this method measures the Doppler shift of the frequency of the
light scattered by the collection of seed particles at a specific location (e.g., at each pixel of a
video image.) The relation between the Doppler shift and the velocity is shown in Equation
1.1. A schematic of the relevant vectors is shown in Figure 1.1
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where ∆f is the Doppler shift, f0 is the laser frequency, c is the speed of light, aˆ is a unit
vector between the flow and the velocity measuring component optics, lˆ is a unit vector
along the laser, and V is the particle velocity.
PIV is currently both more fully developed and more accurate than DGV. PIV is
approximately ten years older than DGV, but will fundamentally always be better for low
speed flows (flows less than about 150 m/s). The advantages of DGV over PIV are that
velocity components are not limited to the plane of the laser sheet, DGV does not require
resolving the motion of individual seed particles, DGV yields superior spatial resolution,
DGV can be more accurate than PIV at high Mach numbers, DGV is better for large focal
lengths and large fields of view, it’s possible to measure temperature or density, and the data
reduction is less computationally intensive (Kuhlman, 2002). Disadvantages include its
higher cost, reduced accuracy at low velocity (fixed resolution – no better than about 0.5 m/s,
currently), DGV is subject to error due to reflections of model surfaces, and erroneous DGV
data is obtained even as the signal to noise ratio becomes small.
The focus of this research was the refinement of a Doppler global velocimetry (DGV)
system. The primary objective of this project is to successfully improve the robustness of the
WVU DGV system, and to then utilize the improved system to acquire 2-component velocity
data in a wind tunnel flow at WVU. For example, the data acquisition PC was improved,
data reduction software was made easier to use, lower f number lenses were used, and a
different flow seeder was used.
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Eventually, it is hoped that the system will be used to acquire mean velocity data in a
rotor downwash flow field test of interest to Bell Helicopters Textron Inc. of Fort Worth, TX.

Chapter 2: Previous Work in Doppler Velocimetry
2.1 Initial Work in Doppler Velocimetry
The person responsible for first developing Doppler velocimetry was Komine (1991).
He received a patent for his basic concepts in Doppler global velocimetry (DGV) (Komine,
1990). This method uses a monochromatic laser light sheet to illuminate a seeded flow field.
The technique yields global, simultaneous, quantitative visualization of the flow velocities in
the illuminated plane. Doppler shifted scattered light is then collected by an optical system.
The light is imaged in a Doppler image analyzer which converts the amount of Doppler shift
into intensity variations. The most important part of the image analyzer is the iodine cell.
The iodine cell is a cylindrical glass tube that contains iodine molecules. These molecules
absorb light at frequencies near that of the laser. Taking three simultaneous images from
different observation directions yields all three velocity vector components.
Two types of operation are possible with the system developed by Komine et al.
(1991). The first scheme uses a continuous wave (CW) laser to create a light sheet. In this
mode of operation light is collected for an entire camera frame time, typically 30 frames per
second. This method is very good for flows that vary slowly. To measure flows that vary
more rapidly, such as turbulence, a pulsed laser must be used. In this scheme, a laser with a
pulse length of about one microsecond or less provides the illumination. This stroboscopic
technique effectively freezes the flow and provides accurate results for flows that are
turbulent or changing rapidly.
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2.2 Point Doppler Velocimetry
A simplified version of DGV is point Doppler velocimetry (PDV). The basis is the
same as DGV. The same iodine cell is used as the frequency discriminating filter, but in
place of charge coupled device (CCD) cameras, photodetectors are used. A spatial filter is
used, so that scattered laser light is collected from a single point in the flow, and is then split
by a beam splitter. One portion of the beam is focused on a reference photodetector while
the other portion passes through the iodine absorption cell and is then focused on a second
photodetector called the signal photodetector. Comparing the two signals, the Doppler shift
can be calculated. Once the Doppler shift is known the velocity can be determined.
Hoffenberg and Sullivan (1993) developed a point system using a five watt argon-ion
laser focused to 0.25mm diameter by a 300mm focal length lens and using an iodine vapor
cell as the frequency discriminator.

The system was used to take measurements in a

turbulent jet, and results were compared to a conventional LDV system. Hoffenberg and
Sullivan showed that the PDV system agreed with mean velocity and turbulence intensity
data obtained by LDV.
Roehle and Schodl (1994) developed a PDV system to measure the velocity in a free
jet. To ensure that the detectors were receiving light from the same volume, a pinhole was
placed in the plane of the intermediate image behind the lens. The laser beam was chopped
and the photodiode signals were amplified to reduce influences by daylight. The system
made one component velocity measurements with an uncertainty of ± 3 m/s which shows
PDV should be a useful measurement technique particularly for high speed flows. This
accuracy was attributed to the precise stabilization of the laser frequency.
McKenzie (1995) demonstrated a PDV system with a pulsed laser and a CCD
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imaging system to measure the velocity on a rotating wheel. The accuracy of the system
could be tested since the velocity of the wheel was known at all points. The optical system
was revised to make use of just one camera per velocity component in place of the two
cameras per component that were previously being used. Point measurements on the surface
of the rotating wheel were made at surface speeds from 5 to 56 m/s with a consistent RMS
error of ± 2.5 m/s for all speeds above 10 m/s. McKenzie also predicted that by the use of a
16-bit CCD system, velocity measurements in the range 200 m/s to 1.5 m/s would be
possible. He also estimated that single pulse PDV measurements with uncertainties as low as
2 m/s could be possible in aerodynamic test facilities as large as 20 m.
Kuhlman, Naylor, James, and Ramanath (1997) developed a two-component PDV
system to test the accuracy of such a system for measuring the velocities on a rotating wheel
and in a turbulent pipe flow. Precision (resolution) of the PDV system was documented on
the order of ± 0.6 m/s over a velocity range of 57 m/s for the rotating wheel. The radial
velocity results in a fully developed turbulent pipe flow showed a consistent offset error of
approximately ten percent for the mean axial velocity at a Reynolds number of about 76,000.
Turbulence intensity values agreed well with hot wire data.
Kuhlman and Webb (1999) made two-component PDV measurements of turbulent
flow over a NACA 0012 airfoil. Measured PDV RMS velocity data for the flow over the
airfoil agreed with hot wire results to within 0.5 to 0.7 m/s and mean velocities agreed to
within ± 3 m/s. It was determined that improvements in the accuracy could be obtained by
using vapor-limited iodine cells.
Kuhlman, et al. (2000) showed that a two-component Point Doppler Velocimeter
system could be improved using vapor-limited cells that are insensitive to temperature
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variations. The RMS results were also improved by reducing the size of the measurement
volume. Velocities were measured in a one inch diameter uniform circular jet flow with an
exit velocity of 60 m/s. Mean velocity results were repeatable to within 2 m/s. The RMS
velocity results were repeatable to within 1 m/s. The RMS velocity results were consistently
20-30% lower than hot wire results in the same flow. This was thought to be caused by the
spatial averaging and the method used to calculate the RMS.
Kuhlman and Scarberry (2002) improved on the pDv system above a second time by
using avalanche photodiodes (APD’s). The APD’s increase system signal-to-noise ratio.
Two-component measurements were made on the same jet flow used previously. RMS noise
in the exit mean velocity was reduced to 0.5 m/s and the mean velocity data agreed well with
earlier pDv data and hot wire results to within 2-4 m/s. The pDv and hot wire spectra agreed
well. Secondary scattering due to reflection of laser light off the lip of the nozzle and regions
of insufficient smoke seeding were found to be the most significant remaining sources of
error.

2.3 Doppler global velocimetry
Komine and Brosnan (1991) and Komine, et al. (1991) expanded on Komine’s
patented method of DGV by using both a CW laser and a pulsed laser. Video frame grabbers
were used for image acquisition. There were still several sources of error present in this
updated system. Analog normalization was still used, and no measures were taken to account
for laser drift. The accuracy of this system was never documented however, since no
comparison was made with other flow measurement techniques.
The following additional, more recent research on DGV can most conveniently be
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reviewed by categorizing the research by where it was conducted. The majority of the
research in DGV has been conducted at NASA Langley and NASA Ames Research Centers,
the Air Force Research Laboratory at Wright-Patterson Air Force Base in Dayton, OH,
Princeton University, Ohio State University, Rutgers University, and West Virginia
University. Some work has also been done overseas.
Much of the work done in DGV was done at NASA Langley and NASA Ames
Research Centers. A large amount was done with the help of James F. Meyers at NASA
Langley Research Center. Meyers and Komine (1991) tested a DGV system by making
measurements on a rotating wheel, a small subsonic jet flow, and the velocity field above a
delta wing. The measurements were said to compare well to mean velocity measurements
previously acquired by LDV, however no detailed quantitative results were presented.
Meyers, et al. (1991) describe two schemes for processing signals obtained from DGV
systems. The analog approach is compared to the digital approach. The analog approach is
simpler in which “pseudo colors are added using a monochromatic frame grabber” to
produce an NTSC video signal that can be recorded on tape. The digital method is more
complicated, but preserves the resolution of the camera image. Also, the image can be
corrected for pixel sensitivity and background light. The two methods were compared for a
vortical flow field above a delta wing. Advancements in DGV were described again by
Meyers (1995) where he discussed the use of three-component DGV in the laboratory and in
a wind tunnel at focal distances greater than 15 m with a spatial resolution of 1.25 mm and
velocity uncertainties of approximately ± 2 m/s. Supersonic flow measurements were made
on an oblique shock and measurements were made on the flow over a delta wing.
Measurements were also made on a jet flow from a High Speed Civil Transport engine
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model. Meyers (1996) describes the development of data processing techniques for DGV.
Meyers also discusses algorithms to correct for optical distortions, electronic noise, and
camera misalignment. Meyers, et al. (1998) discuss problems encountered in application of
DGV in production wind tunnels and improvements to the system control and stability. A
pulsed laser was proposed to measure the unsteady flow of a helicopter rotor wake. The flow
was to be generated by an isolated rotor system consisting of a Mach-scaled four- blade rotor
with a diameter of 1.7 m. Several problems were encountered. The iodine cells were
sensitive to the harsh environment in the wind tunnel. Also, the software written to correct
for the speckle caused by the laser could not correct the speckle caused by the new pulsed
laser.
Smith, Northam, and Drummond (1996) used a Doppler global velocimeter with a
pulsed laser to measure the flow in a sonic jet and a supersonic jet with a Mach number of
1.9. The system used one camera with an image splitter, which reduced the cost of the
system.

Mean and RMS velocity profiles were compared to profiles obtained by

computational fluid dynamics (CFD) using the k-ε model. The largest source of error was
determined to be speckle error. This work demonstrated the ability to acquire single velocity
component planar data at 30 Hz in the 100-600 m/s speed range. Smith (1998) used the same
system at the Small Anechoic Jet Facility (SAJF) to study a high Reynolds number
compressible flow (Re ≈ 650,000). A new seeding apparatus was implemented to allow
velocity measurements throughout the mixing layer of the jet. Much care was taken to
reduce laser speckle that was a problem in previous experiments. Using a reference leg to
monitor laser frequency reduced velocity error from laser drift. The mean core velocity data
correlated well with calculations based on pitot probe data and the exit conditions.
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Instantaneous velocity images for various seeding conditions and mean and RMS velocity
images were presented.
At NASA Ames Research Center, McKenzie (Jan. 1997) reports the progress of DGV
using pulsed lasers in low speed flows. A model was created to estimate the noise sources
and uncertainties in the DGV image processing. Minimum velocities of approximately 2 m/s
were obtained from a rotating wheel. Measurements on a low speed turbulent jet, with axial
velocities of approximately 60 m/s, compared well with pitot probe measurements. The
uncertainties in the velocity field measurement were shown to be greatly reduced by pixel
binning, which is an image smoothing process.

Flatfield correction, a procedure for

correcting for nonuniformities in optics, etc., was also discussed. This involves taking
measurements while the laser is not operating or is at a frequency outside of the absorption
band. Laser speckle was identified again as a significant source of error for pulsed lasers. It
was determined that response function errors were an insignificant source of measurement
error if the function was determined correctly and re-determined whenever the iodine filter
cell environment changes. McKenzie (Sept. 1997) discusses the use of DGV using a pulsed
laser in large-scale wind tunnels. This study indicated that pulsed laser DGV measurements
could be made in large-scale tunnels at ranges of tens of meters with resolved velocities
below 2 m/s, which is typical of large-scale facilities.
Beutner et al. (1998) used a one-component DGV system in wind tunnel applications
at the Air Force Research Laboratory at Wright-Patterson Air Force Base in Dayton, OH to
make measurements of the flow associated with a vortex-tail interaction. This type of flow is
typical of what is seen on a twin-tail fighter aircraft. The challenges associated with using
DGV in large-scale wind tunnels were discussed. The system used a pulsed YAG laser to
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measure velocities on a model at 23 degrees angle of attack and a Mach number of 0.2. The
dominant source of error was determined to be laser speckle. Also at the Air Force Research
Laboratory, Beutner et al. (1999) discussed system accuracy and applications of a twocomponent DGV system. Results for a rotating wheel, an empty wind tunnel, and a wing
model in a tunnel are presented.
Researchers at Princeton University have also made significant contributions to DGV
research.

The focus of the research at Princeton University was on Filtered Raleigh

Scattering (FRS). In FRS the laser light is scattered by the air molecules themselves rather
than seed particles. For this reason the laser used must be very powerful. Miles, et al. (1991)
reported preliminary experiments using FRS measuring high-speed air and nitrogen flows at
a Mach number of 2.5 with accuracy of ± 20%. Miles, et al. (1992) discussed using FRS in
supersonic/hypersonic facilities. Measurements of flow properties in Mach 3 and Mach 5
flows using FRS were presented. By frequency scanning the laser, time-averaged velocity
measurements were made. The experiments yielded instantaneous images of boundary layer
structure in the Mach 3 flow and over expanded jet shock structure in the Mach 5 flow.
Forkey, et al. (1996) examined the major components of an FRS system and
identified the major sources of uncertainties. Results from FRS measurements made on
ambient room air and on a Mach 2 free jet were also presented. Uncertainties of ± 4 m/s and
± 5 m/s were reported. These were attributed to the variations in the laser light sheet spatial
mode and to a slight shift in the laser sheet during experiments.
A large amount of DGV research has been performed by researchers at Ohio State
University.

Elliott et al. (1994) established a preliminary DGV system at Ohio State

University and called it filtered planar velocimetry (FPV). Clancy and Samimy (1997) set up
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a two-component DGV system to measure instantaneous velocity in a plane of a Mach 2,
axisymmetric, ideally expanded, free jet. The procedures for making accurate measurements
in the flow described above were documented. The measurements were compared with
previous LDV measurements. It was found that the accuracy of the image registration had a
large effect on the accuracy of the velocity results. The image registration was performed by
obtaining a reference image of a grid of white dots on a black background. The RMS
uncertainty in the x-component and y-component of the velocity was found to be ± 27m/s
and 23 m/s, respectively, for mean velocities on the order of 500 m/s. Clancy, et al. (1998)
showed that a three-component streamwise DGV system is best for measuring shear layer
growth characteristics and that a cross-stream DGV system is excellent for studying
streamwise vorticity fields. Samimy (1998) reviewed DGV multiple-component velocimetry
in high speed flows. Three areas in need of advancement were discussed: laser power
fluctuations, image restoration, and speckle noise. Samimy and Wernet (1999) make a
detailed comparison of DGV and PIV. In particular, the advantages of DGV for high speed
flows are discussed.
At Rutgers University Elliott, et al. (1997) experimentally investigated supersonic
flow using DGV.

Sonic jets were injected into a flow with a Mach number of 1.98.

Streamwise velocities and turbulence intensities were measured upstream and downstream of
the jet injection locations. Velocity and turbulence were shown in certain regions of the flow
including the separation shock, bow shock, and the mixing layer of the jet. Results agreed
well with earlier FRS measurements. The shear layer of the elliptical jet showed faster
spanwise spreading and greater turbulence intensity, but showed a lower penetration into the
free stream. Elliott and Beutner (1999) reviewed the history of the development of DGV
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techniques with a description of typical systems, components, and uncertainty. Applications
of DGV in laboratory flows, supersonic flows, and large scale wind tunnels are also
discussed.
DGV research has also been performed at West Virginia University under the
guidance of Dr. John Kuhlman. Naylor and Kuhlman (1998) quantified the accuracy of a
two-component DGV system. The image acquisition and data reduction software was also
discussed. Preliminary velocity measurements were presented for the velocity distribution on
the surface of a rotating wheel. The RMS deviation of velocity in the y direction was found
to be ± 1.1 m/s for a single DGV component. The RMS deviation of the velocity in the x
direction was ± 0.9 m/s. The discretization in the velocity cuts suggests that the error is due
to the 8-bit limitation of the camera/frame grabber combination. The error observed in the z
direction was found to 1-2 m/s. This was believed to be caused by inaccuracies in cell
calibration.

A zero velocity offset of 20 m/s was observed. The cause of the offset was

undetermined.
Kuhlman (1998) discusses the accuracy of the same DGV system as well as the
accuracy of a companion PDV system. The image acquisition software and data reduction
process are reviewed in detail. In addition to the rotating wheel measurements data was
taken in a turbulent pipe flow.

Mean velocity measurements agreed reasonably with

centerline pitot probe traverse data.
Naylor and Kuhlman (1999) presented results from DGV measurements on a rotating
wheel, a fully developed pipe flow, and a free jet. A zero velocity reference tab, illuminated
by unshifted laser light, was used to correct for the zero velocity offset. The results for the
rotating wheel were the same as previous experiments. The pipe flow and turbulent jet data
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agreed well with pitot-static probe measurements.
Kuhlman, et al. (2002) discussed improvements made to the previous DGV system
along with velocity measurements in circular jets. Vapor-limited iodine cells that have
temperature independent responses were used to improve accuracy. This made the system
less sensitive to the laboratory environment. Nonpolarizing beam splitters and lower fnumber lenses were also used to improve system accuracy.

Two-component velocity

measurements were taken in a one inch diameter exit circular jet flow at nominal exit
velocity of 60 m/s. Velocity measurements were also taken on an annular jet and a swirling
jet. The data agreed well with previous hot wire results to within 2-4 m/s. Exceptions to this
level of accuracy occur at levels of low smoke seeding and at points of high secondary
reflection such as the lip of the nozzle.
At Wichita State University, Irani and Miller (1995) developed a one-component
DGV system. The system was tested on a round axisymmetric jet and the results were
compared to previous data taken by Constant Temperature Anemometry (CTA). It was
found that camera image alignment and laser frequency corrections are required in order to
obtain good data. The DGV average velocity profiles showed acceptable agreement with the
CTA data. The errors were attributed to nonlinearities in the ALF filter, camera resolution
limits, and an insufficient number of images averaged to get the velocity data.
Some DGV work has also been performed overseas. In Germany, Roehle (1996)
developed a three-component DGV system and used it to measure the flow of a fuel spray
nozzle and to make measurements in the wake region of a car in a wind tunnel. The results
of these measurements agreed well with previous laser Doppler anemometry (LDA)
measurements.
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In the United Kingdom, Ainsworth and Thorpe (1994) developed a DGV system to be
used for transonic turbine applications at the University of Oxford. A 0.5 W single mode
argon ion laser was used for illumination.

A single camera was used to capture both

reference and iodine cell discriminated images. Measurements were taken on the surface of a
rotating disk with a tip speed of 90 m/s. Error in these measurements was high due to the 6bit frame grabber used. Thorpe, et al. (1996) made DGV measurements on an axisymmetric
turbulent jet flow with exit velocity 60 m/s at the University of Oxford using the DGV
system previously mentioned.

The DGV data in the potential core region of the flow

compared well with theoretical correlations. Again at Oxford, Ainsworth, et. al. (1998)
outline the origins of DGV and compare it to PIV discussing the potential advantages of a
global measurement system.
In summary, DGV has been demonstrated in laboratories and in some production
wind tunnels, with overall mean velocity accuracy on the order of approximately 4~5 m/s in
flows with mean velocities on the order of 100 m/s. DGV has also demonstrated mean
velocity accuracy of approximately 25 m/s in supersonic flows with mean velocities on the
order of 500 m/s. This demonstrated accuracy on the order of ± 5% of the velocity range in
both supersonic and subsonic flows is not as good as can be obtained using current PIV
systems, but may be improved in the future as the DGV technique matures.

Chapter 3: Previous Work in Vortex Measurement
Knowing the properties of the wingtip vortex downstream of the wing is important
for several reasons. First, the wake influences the downwash on the tail control surfaces
which changes their effectiveness. Second, the wake of large aircraft is very hazardous to
16

other aircraft, especially small aircraft. The vortex created by large aircraft can create a
rolling moment two to three times the maximum rolling moment of the small aircrafts
ailerons (McCormick 1968). The load distribution and induced angle of attack can also be
changed by the wake. The increase in the numbers of aircraft having high lift wings or low
aspect ratio wings makes the effect of wake distortion more significant. McCormick (1965)
tested a 1/12 scale semi-wing of a Cessna L-19 in a wind tunnel. A vortex probe was used to
measure the vorticity in four successive transverse planes downstream of the wing. The
planes were at one, two, three, and four inches behind the trailing edge. Measurements at
different angles of attack were also taken. Contour maps of constant rotational speed were
given for each location. Smith (1967) investigated porous tip effects with a full scale
airplane in flight using a vortex probe. At 65 knots the vortex effects were about 23% less on
the porous tip than on standard tips.

Measurements were made using a two-component

laser velocimeter system. Poppleton (1971) made measurements of the effect of tip blowing
on vortex strength using a hot-wire and pitot tube.

Poppleton showed a decrease in

circumferential velocity and an increase in core radius. The rate of decay in the axial
direction was also increased considerably. At Massachusetts Institute of Technology Kantha
et. al. (1971) investigated the response of a vortex core to tip blowing qualitatively. Flow
pictures of the vortex core showed that an axial injection into the vortex core of
approximately 35% of the total wing drag drastically altered the vortex structure.
Ciffone and Orloff (1974) made velocity measurements on wake vortices of a wing
being towed underwater. The measurements were made using a two-dimensional scanning
laser velocimeter. It was shown that by changing the wingspan loading the vortex tangential
velocities could be reduced by a factor of two.
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Delery et al. (1984) performed fundamental studies on vortex flows and the
destabilizing effects of an adverse pressure gradient on vortex flows. Without pressure
gradients on the vortex flow, tangential velocities were reported to be as high as 75% of the
free stream velocities. With pressure gradients applied, maximum tangential velocities were
reported as low 25% of the free stream velocities.
Higuchi, et. al. (1986) made laser Doppler velocimetry measurements on vortices at a
Reynolds number of 4.7x104. The vortex core radius was found to grow with increasing
angle of attack and increasing downstream distance. Tangential velocities were found to be
as high as 25 cm/s at 15 degrees angle of attack.

Chapter 4: Apparatus and Configuration
The DGV measurements were made in a subsonic wind tunnel at 15-22 m/s. Higher
wind tunnel velocities were not used due to difficulties in achieving high enough seeding
levels. Additionally, DGV data was acquired in a circular jet flow, mounted in the wind
tunnel test section with a jet velocity of 60 m/s.

The basic components of the DGV

measurement system included two velocity measuring components, an Argon ion laser fitted
with an etalon, a laser frequency monitoring system, and a computer with data acquisition
hardware and software.

4.1 Wind Tunnel
The subsonic closed return wind tunnel at WVU was selected for testing. The tunnel
has two test sections. The test section that was used was the smaller one with a crosssectional area of 32 in x 45 in and 48 in long. The floor of the test section was modified to
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accept the wing model and the windows were replaced to improve optical access. The nozzle
contraction ratio in the small test section is 6:1 giving a maximum possible wind tunnel
speed of approximately 85 m/s. A sketch of the closed return wind tunnel can be seen in
Figure 4.1. Figure 4.2 is a schematic of the DGV setup showing the measurement geometry.

4.2 Flow seeding
In order to measure the Doppler shift of the scattered light, the flow was seeded with
small smoke particles emitted from a Rosco 1500 fogger. The Rosco was capable of
producing fog particles with an average diameter of approximately 1 micron. The fog
machine was connected to a plenum and a blower in order to achieve more uniform and
better mixed flow seeding. Both the blower and the fog machine were placed upstream of
the test section inside the wind tunnel. A Corona fogger was also used. The Corona is
capable of producing fog particles with an average diameter of approximately 0.2 microns.

4.3 Wing model
The wing model used in the wind tunnel was a NACA 2412 airfoil, developed by
Krizan (2000) at West Virginia University to make measurements of vortex strengths using a
vortex spinner. The half span was 40.64 cm (16 inches) and the chord was 15.24 cm (6
inches). A small nozzle with a diameter of 0.127 cm (0.05 inches) on the trailing edge of the
wingtip was connected to a tube that ran through the wing and outside the tunnel to a source
of compressed air. Air was blown through this nozzle and the pressure, temperature, and
flow rate of the air were measured. DGV measurements were made at various locations
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downstream of the wing model. A photograph of the wing model in the wind tunnel can be
seen in Figure 4.3.

4.4 Laser
The laser used in the DGV velocity measurements was a 5-watt Innova 305
continuous wave Argon-Ion laser made by Coherent, operating at a single wavelength of
514.5 nm. In single line mode, the laser has a gain bandwidth of about 6 GHz. This exceeds
the width of an absorption band of molecular iodine. A heated etalon was inserted in the
laser cavity to produce a narrower range. An etalon is a cylindrical piece of fused silica,
which allows only a narrow wavelength range of light to pass through. The etalon reduces
power to about 1 watt. The laser operated at approximately 0.6 watt during most of the data
acquisition because the laser was detuned away from the “flash” point. The power output
dropped to nearly 0.1 watt by the end of the data acquisition period, however.

The

bandwidth can be as low as 10 MHz. Low bandwidths are favorable because the bandwidth
needs to be much less than the width of an iodine absorption band for DGV techniques to
work well.

4.5 Laser frequency monitoring system (LFMS)
The laser frequency varied as the environment in the wind tunnel laboratory changed.
Therefore, it was necessary to monitor the laser frequency to account for variations in
frequency in the reduction of the velocity data.

Figure 4.4 shows the laser frequency

monitoring system (LFMS) with the light tight cover removed so that the components of the
system can be seen. In order to monitor the laser, approximately 10% of the laser light is
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diverted into the LFMS. Inside the LFMS, the beam is separated into three parts with one
portion of the beam used to detect the occurrence of laser frequency mode hops via a laser
spectrum analyzer, another portion passed through an iodine cell and then to a photodetector,
and the third portion is sent to a reference photodetector.
After entering the box, the beam is split into two beams by Pyrex glass. The portion
of the beam used to measure laser frequency mode hops passes through a neutral density
filter, and is directed onto the sensing area of the Burleigh Instruments model SA-200 Plus
spectrum analyzer. This spectrum analyzer is connected to a Burleigh Instruments DA-100
detector amplifier and the output can be viewed on an oscilloscope to detect the occurrence
of laser mode hops.
The second beam passes through a neutral density filter, and then a pinhole. The
pinhole is used to pick out only one beam, because some secondary beams are introduced as
a result of passing through the Pyrex glass. This beam is then split by a 2 inch Melles Griot
dielectric beam splitter, which is specified to be insensitive to laser beam polarization to
within +/- 3%. The laser beam that passes straight through the beam splitter is reflected off a
mirror, passed through a lens to focus the beam, and sent to the Thor Labs PDA 150 fixed
gain reference photodetector.
The third beam that is deflected by the beam splitter is passed through a CVI
Instruments beam expander. The beam expander prevents local saturation within the iodine
cell. The beam expander is adjustable from 4.5:1 to 10:1 and rated for wavelengths from 488
to 515 nm. The beam expander has been set at a ratio of 10:1 for a wavelength of 515 nm.
After the beam was expanded, it was passed through the iodine cell and then through a twoinch focusing lens onto the Thor Labs PDA 150 fixed gain signal photodetector.
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4.6 DGV Measurement Components
The DGV measurement components measure the frequency of Doppler shifted,
scattered laser light.

Figure 4.5 is a photograph of one of the DGV measurement

components. Light scattered by the seed particles in the flow passes through polarizing
filters to minimize effects due to any residual polarization. The light then passes through and
is reflected by custom four inch diameter Melles Griot “polarization insensitive” beam
splitters. The portion of light reflected from the beam splitter is reflected off a mirror and
into a reference CCD camera. The portion of light that passes through the beam splitter
passes through an iodine cell frequency discriminating filter and into the signal CCD camera.
The cameras used are eight bit Hitachi KP-M1 CCD cameras. The forward scatter cameras
have Nikon 35-135 mm f3.5-4 zoom lenses mounted on C-mount adapters. The backward
scatter cameras are fitted with a Nikon 85 mm f1.8d AF lens on the reference channel and a
Nikon 85 mm f1.4 MF lens on the signal channel. The reason for this is that the back scatter
light is less intense than the forward scatter. The zoom lenses allow for different sized image
areas and a wide range of distances. However, the f-number is higher for a given focal
length compared to fixed focal length lenses which means less light is able to enter the
camera.
The molecular frequency discriminating filter used was iodine. The vapor-limited
iodine cells were supplied by Innovative Scientific Systems, Inc. (ISSI), of Dayton, OH. A
five inch long, three-inch diameter cylindrical Pyrex glass container was filled with vapor
phase iodine. Figure 4.6 is a photograph of one of the iodine cells. These cells were operated
at 80° C by controlling the flexible band heater using an Omega CN9000A temperature
controller. Originally, all of the cells were of this type and had similar light absorption
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characteristics. However, two of the cells failed and had to be replaced. The new cells have a
slightly different (broader) absorption curve than the old cells.

This difference makes

calibration and use of the cells much more difficult. Figure 4.7 is a photograph of one of the
replacement iodine cells, also from ISSI. Also, the camera tripod that holds the DGV
forward scatter component failed and had to be replaced.

4.7 Computer Equipment
Previously, two computers were needed to acquire the DGV data and reference
voltages.

The process now requires just one computer.

The computer used for data

acquisition and reduction was a Dell Dimension XPS D266.

The computer has been

upgraded to 393 megabytes of RAM, and a 200 GB hard drive has been added for additional
data storage space. The processor has been replaced with an Intel 333 MHz Pentium II
processor. The frame grabber required that Windows NT 4.0 be used as the operating
system, and also requires the older 5 Volt PCI bus used in the Dimension XPS PC.
The A/D board used to collect the voltages from the photodetectors for the DGV
system was an 8-channel National Instruments PCI-6052E multifunction I/O board. The
6052E is an internal PCI card capable of sampling up to 333 kHz over eight channels at a
voltage scale as small as +/- 50 mV. This board was used with a National Instruments
SC2040 eight-channel simultaneous sample-and-hold signal conditioning board. The A/D
board used to collect the data from the CCD cameras was a Matrox Genesis framegrabber.
The Genesis board samples all 4 cameras simultaneously and digitizes them individually.
The Genesis also has a processor onboard that allows the board to be programmed to perform
operations on images much faster than if the host system were used. The Genesis board has
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16MB of onboard memory and can sample 4 cameras simultaneously at 30Hz for short bursts
until this memory is filled.
The software used for data acquisition and data reduction was a combination of
Excel, Visual Basic 4.0, and C. Visual Basic was used to create the graphical user interfaces
that run the DLLs that were written in C. The DLLs perform the grabbing and processing of
the images. The National Instruments NI-DAQ driver package was used with Visual Basic
to collect reference voltages from the National Instruments board. The Visual Basic code
and the Excel macros used to acquire and reduce data were significantly improved, which
also decreases the amount of time needed to acquire and reduce data. A complete description
of the original software used to acquire and reduce velocity data has been given by Naylor
(1998).

Chapter 5: Data Acquisition and Reduction Procedures
Before data could be acquired the laser, fog machine, and A/D board were turned on
to warm up. The optical components were then carefully adjusted for proper alignment. The
distance from the floor to the laser beam and the distance from the floor to the wing model
and DGV components were measured to assure that the laser beam, measurement
components, and wing model were all in the same plane. Once the heights were made equal
the DGV components were aligned to be sure they were viewing the same measurement area.
A dot card was used to “dewarp” the velocity images. The dot card had to be
carefully aligned tangent to the laser light sheet in the wind tunnel test section. Images were
taken of the dot card and the software uses these images to compensate for the difference in
the image each camera sees due to its location. Figure 5.1 shows a raw image of a dot card
before dewarping.
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Before calibrating or taking data a dark voltage was recorded for the reference
channel and background images were taken for each of the cameras. A background image is
a measure of the light intensity in the wind tunnel without the laser illumination. These CCD
camera gray levels were subtracted from subsequent gray level measurements in the flow by
the data acquisition software to compensate for light not originating from the laser beam.
Similarly, the dark voltages were subtracted from the subsequent calibration and data LFMS
photodiode voltages.
The next step was to calibrate the iodine cells. To create a calibration curve, the
etalon in the laser was tilted mechanically, thus changing the laser frequency passing through
the iodine cell in discrete mode hops. The transmission through the cell could then be plotted
as a function of the laser frequency. This data has a stair step pattern due to the mode hops
of the laser. A sample raw calibration file can be seen in Figure 5.2. The calibration curves
were then combined and averaged. A non-linear least squares curve fit was then done using
the Boltzmann fitting function. The Boltzmann fitting function is shown in Equation 2

y=

A1 − A2
1+ e


 x − x0


 D + A2 

 x

(2)

where A1 and A2 are the top and bottom boundary ratio levels, respectively, x0 is the
horizontal shift, and Dx is a horizontal stretching coefficient. The function is fit to the data by
varying the four coefficients until the error between the data and the curve is minimized.
An example of averaged calibrations showing the curve fit can be seen in Figure 5.3.
These calibrations were done in the laboratory with all three of the original iodine cells.
Figure 5.4 shows a sample calibration obtained in the wind tunnel using one old cell and two
new cells. The differences in the absorption widths of the two types of cells can be seen.
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Also, the calibrations in Figure 5.4 show more noise than the calibrations performed earlier.
A more complete description of the calibration and curve fitting procedure is given in Naylor
(1998).
The wind tunnel was then started and measurements were taken on a jet flow exiting
a one inch diameter pipe and downstream of the wing model at 68.58 cm (27 inches), 21.59
cm (8.5 inches), and 7.62 cm (3 inches) from the trailing edge of the wing. Wing trailing
vortex measurements were made with and without tip blowing. The flow rate of air through
the wing tip nozzle was measured with a rotameter. The volume flow rate was converted to
standard cubic feet per minute by measuring the temperature and pressure with a digital
thermometer and a pressure gage respectively. The mass flow rate and velocity were then
calculated. The calculation of the flow rate and velocities can be found in Appendix A. The
velocity exiting the 0.127 cm nozzle was calculated to be 108 m/s.
Before reducing the data, a flat field correction was performed. This involves taking
images at high smoke levels throughout the measurement area with the laser frequency tuned
to lie outside of the iodine cell absorption band. These images were then used to correct for
imperfections in the camera lenses and other optics and any resulting bias in gray levels.
Details of the data reduction process have been given by Naylor (1998), who developed the
original DGV data acquisition and reduction software.

Chapter 6: Results
Chapter 6 includes the results of the DGV velocity measurements made in the WVU
wind tunnel. The jet velocity results are presented first followed by the wingtip vortex
results. An error model is also discussed.
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The first set of data presented is data taken in the flow exiting at 60 m/s from a 2.54
cm (1 in) diameter jet nozzle. The subsequent data is taken downstream in the wake vortex
of the NACA 2412 wing model. In this case, DGV velocity measurements were made at
68.58 cm, 21.59 cm, and 7.62 cm from the trailing edge of the airfoil (x/c=4.5, 1.42, 0.5,
respectively). In both cases, the iodine cell calibrations were performed on the jet flow
because the flow seeding was much more constant. Wing measurements were made at a
wind tunnel dynamic pressure, q, of 2.54 cm (1 in) of water and 1.27 cm (0.5 in) of water on
the differential pressure manometer which correspond to free stream velocities in the wind
tunnel of approximately 22 m/s and 15.5 m/s. Higher tunnel velocities were not used due to
difficulties in achieving high enough flow seeding levels. The data are presented as DGV
images, color coded to show velocities in the plane specified. Each colorized image shown is
the average of thirty images taken over the period of approximately 7 seconds. Since each
dot card image is 640 by 480 pixels, the length scale that is shown below each velocity image
can be computed by measuring the size of the dot card and determining how many pixels
there are per centimeter. This ratio can then be multiplied by the diameter, measured in
centimeters, of the exit nozzle to determine the diameter in pixels. The same process was
used to calculate a length scale for the wing model. The data can be reduced nonorthogonally, in which the data received from each DGV component is resolved into axial
velocities, or orthogonally, in which the data received from each DGV component is reduced
into two-components, axial velocities and lateral velocities. When the data is reduced nonorthogonally, the forward scatter and the back scatter DGV components both report the axial
velocity only. Due to the present geometry, the forward scatter component has much more
sensitivity in the axial direction than does the back scatter component. The back scatter
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component is most sensitive to lateral velocities. The sensitivity direction of the DGV
component is the bisector between the vector along the laser light sheet and the vector along
the viewing direction as shown in Figure 1.1. Also presented are centerline cuts plotted in
Excel to show the velocity profile through the center of the image.
Figure 6.1 is a photograph of the laser light sheet illuminating the tip vortex at a
location 68.58 cm downstream of the trailing edge (x/c=4.5) at less than 1.27 cm of water.
Figure 6.2 is a photograph of the laser light sheet illuminating the tip vortex at 68.58 cm
downstream (x/c=4.5) at a tunnel q of 2.54 cm of water. Figures 6.3-6.6 show raw data
images for the turbulent jet and the wingtip vortex prior to dewarping. Figure 6.3 shows a
raw signal image obtained from the forward scatter CCD camera for the turbulent jet at
x/D=1.5 from data taken on February 10th.

The gray levels are approximately 200

throughout the jet. Figure 6.4 shows a raw reference image obtained from the forward scatter
CCD camera at x/D=1.5. The gray levels are approximately 180 throughout the jet. Figure
6.5 shows a raw signal image obtained from the forward scatter CCD camera for the wingtip
vortex at x/c=4.5. The gray levels in the center of the vortex are 15. The gray levels on the
outer-most ring where the smoke is brightest are about 115. The gray levels on the smoke on
the inner donut are about 60. Figure 6.6 shows a raw reference image obtained from the
forward scatter CCD cameras for the wingtip vortex at (x/c=4.5). The gray levels in the
center of the vortex are 15. The gray levels on the outer-most ring where the smoke is
brightest are about 160 and the gray levels on the smoke on the inner donut are about 75. It
has not been possible in the current work to find a smoke injection method that would result
in a more uniform smoke density for the wingtip vortex flow field.
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6.1 Turbulent jet flow
Measurements were made on a turbulent jet flow with an exit velocity of 60 m/s
exiting a one inch diameter nozzle at locations from 3.175-12.7 cm (1.25-5 in) from the exit.
The jet was originally calibrated with a pitot tube and then by hotwire, (Naylor and Kuhlman,
1998). The jet flow was inserted into the test section of the WVU low speed wind tunnel.
The tunnel was operated at a very low speed to help disperse the excess smoke that tended to
accumulate in the tunnel over time.
The first set of data presented was taken at 3.175 cm from the nozzle exit. Figures
6.7 and 6.8 show the axial velocities reduced non-orthogonally from the back scatter
component and the forward scatter component, respectively. Both channels show an offset
of about 10 m/s.

Figure 6.8 has an erroneous region of high velocity on the right side. This

is due to reflection of laser light from the nozzle. Figure 6.9 shows axial velocity profile cuts
in the x and y directions on data shown in Figure 6.8. The cut in the x-direction does not go
to zero on the right side of the graph, due to the reflection from the nozzle. The same data is
shown in Figures 6.10 and 6.11, but reduced orthogonally. Figure 6.10 shows the axial
velocities. The error due to nozzle reflection is still visible on the right side of the image.
The lateral velocities in Figure 6.11 show an offset of about -5 m/s. The axial velocity
profile cuts in the x and y directions are shown in Figure 6.12. The error from the reflection
can be seen in the x-direction cut. Figure 6.13 is the lateral velocity profile cuts in the x and
y directions.
The next set of data was taken at 3.81 cm from the exit nozzle. The data taken at
x/D=1.5 was reduced without a flat field correction. This is indicated in the figure captions
as “no w.c.” signifying that no white card image was used. Figure 6.14 shows the axial
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velocity in the jet 3.81 cm downstream from the exit nozzle as measured by the back scatter
DGV component. Figure 6.15 shows the axial velocity in the jet at 1.5 diameters from the
exit as measured by the forward scatter component. The forward scatter component displays
both better accuracy and better shape of the velocity image. This is possibly due to the fact
that the forward scatter component receives more scattered light than the back scatter
component. This is primarily because of the physics of laser light scattering. One technique
used to compensate for this is to use lenses that allow more light to enter on the back scatter
channels. Also, the back scatter component is much less sensitive to axial velocity (Figure
4.2). Figure 6.16 shows the axial velocity profile in the jet at 1.5 diameters from exit. The
cuts were made in both the x-direction and y-direction from the data shown in Figure 6.15.
A decrease in velocity is observed from left to right in Figure 6.16. This is error introduced
by not implementing a flat field correction. Figures 6.17 and 6.18 were reduced from the
same set of data as Figures 6.14 and 6.15, but are reduced orthogonally. Figure 6.17 shows
the axial velocity in the jet, 1.5 diameters downstream of exit nozzle. Figure 6.18 shows the
lateral velocity in the jet. Figure 6.19 is a plot of the axial velocity profile. This profile
agrees very well with the axial profile in Figure 6.16. Figure 6.20 shows the lateral velocity
profile cuts. Since the jet had very small lateral velocities, this plot is near zero throughout
the jet.
Figure 6.21 shows the measured axial velocity in the 2.54 cm diameter jet 2 diameters
downstream from the exit nozzle as measured by the back scatter DGV component. Figure
6.22 shows the axial velocity in the 1 inch diameter jet 2 diameters downstream from the exit
nozzle as measured by the forward scatter DGV component.

Figure 6.23 shows the axial

velocity profile cuts in the jet at 2 diameters from exit. The cuts were made in both the x-
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direction and y-direction from the data in shown in Figure 6.21. Figures 6.24-6.26 present a
second set of data at x/D= 2 to show repeatability. The data agrees well with the data in
Figures 6.21-6.23. Again, the forward scatter DGV component has a better shape and gives
more accurate velocities. The first set of data at 2 diameters was then reduced orthogonally
and is shown in Figures 6.27-6.30.

Figures 6.27 and 6.28 show the axial and lateral

velocities respectively. Figures 6.29 and 6.30 show the x and y velocity profile cuts for the
axial and lateral directions. The second set of data at 2 diameters reduced orthogonally is
shown in Figures 6.31-6.34. The velocity data from the first run at 2 diameters was more
accurate. Figure 6.33 shows that the axial velocities were about 10 m/s too low for the
second run. The lateral velocities also show an offset of about -10 m/s.
The nozzle was then moved and DGV data was taken at 7.62 cm from the exit.
Figure 6.35 shows the axial velocity in the jet 3 diameters downstream from the exit nozzle
as measured by the back scatter DGV component. Figure 6.36 shows the axial velocity in the
2.54 cm diameter jet 3 diameters downstream from the exit nozzle as measured by the
forward scatter DGV component.

Figure 6.37 shows the axial velocity profile cuts in the jet

at 3 diameters from exit. The cuts were made in both the x-direction and y-direction from the
data in shown in Figure 6.36. Figures 6.38-6.40 present a second set of data at three
diameters to show repeatability. The data agrees well with the data in Figures 6.35-6.37.
Again, the forward scatter DGV component has a better shape and gives more accurate
velocities. The first set of data at 3 diameters was then reduced orthogonally and is shown in
Figures 6.41-6.444. Figures 6.41 and 6.42 show the axial and lateral velocities respectively.
Figures 6.43 and 6.44 show the x and y velocity profile cuts for the axial and lateral
directions. The second set of data at 3 diameters reduced orthogonally is shown in Figures
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6.45-6.48. The velocity profiles from each run are within 10 m/s of each other. The lateral
velocities show an offset of about -10 m/s. The axial velocities however, show very good
comparison with DGV data taken by Kuhlman, et. al. (2002) on the same jet flow in a
controlled laboratory environment.
The jet was moved again and velocity measurements were made at 5 diameters from
the nozzle exit. Figure 6.49 shows the axial velocity in the jet 5 diameters downstream from
the exit nozzle as measured by the back scatter DGV component. Figure 6.50 shows the
axial velocity in the 2.54 cm diameter jet 5 diameters downstream from the exit nozzle as
measured by the forward scatter DGV component.

Figure 6.51 shows the axial velocity

profile cuts in the jet at 5 diameters from exit. The cuts were made in both the x-direction
and y-direction from the data in shown in Figure 6.50. Figures 6.50-6.54 present a second set
of data at five diameters to show repeatability. The data agrees well with the data in Figures
6.49-6.51. Again, the forward scatter DGV component has a better shape and gives more
accurate velocities. The first set of data at 5 diameters was then reduced orthogonally and is
shown in Figures 6.55-6.58. Figures 6.55 and 6.56 show the axial and lateral velocities
respectively. Figures 6.57 and 6.58 show the x and y velocity profile for the axial and lateral
directions. The second set of data at 5 diameters reduced orthogonally is shown in Figures
6.59-6.62. Comparing the velocity profiles from the two runs shows good repeatability. The
lateral velocities show an offset of about -5 m/s. The axial velocities show a decrease in
maximum average velocity of about 10 m/s which is consistent with data taken by Kuhlman,
et. al. (2002). The current jet data is generally comparable to earlier jet data obtained in a
more controlled lab environment by Kuhlman, et al. (2002), but in the present work there
were much larger ambient temperature variations, which destabilize the laser frequency. The
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environment was also much dirtier which causes imperfections on the optics used.

In

addition, the present measurements were made viewing through the Plexiglas wind tunnel
test section windows.
Overall the turbulent jet measurements agree well with previous DGV, hotwire, and
pitot measurements on turbulent jets. Figure 6.63 shows previous DGV measurements and
velocity cuts made by Kuhlman, et al. (2002) on the same jet in a controlled laboratory
environment. The forward scatter DGV component consistently yields better results than the
back scatter component for axial velocity measurements; this is because the forward scatter
camera gray levels were generally higher than for the back scatter cameras. Also, since the
back scatter component is much less sensitive to the axial velocity, the error is magnified
when the velocity is calculated by dividing by the cosine of the angle between the velocity
sensed and the axial velocity direction. The axial velocities also were generally more
accurate when reduced orthogonally. Generally, the level of scatter or noise observed in the
velocity profile cuts is similar to earlier results of Kuhlman, et al. (2002), at about ±2-4 m/s.
However, the present observed offset errors are larger than those of Kuhlman, et al. (2002),
being as large as 10 m/s. This is due to greater difficulties in obtaining accurate iodine cell
calibrations and useable flat field correction images for the present work. The fact that the
iodine cells had different absorption characteristics made calibration more difficult.
The expected error due to the limitations of the camera resolution increases as the
light intensity or smoke level decreases. The present error model has been developed,
following concepts of Kuhlman, et al. (2002). Actual gray levels were used from typical
signal and reference camera images and typical cell transmission ratios were computed for
both x and y cuts through the middle of these images. Then, an estimate of the expected
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velocity errors due to the estimated CCD camera noise of ±1 gray level have been computed
as follows: First, a cell transmission ratio was computed that would occur if the signal
camera pixel gray level were low by -1 gray level while the corresponding reference camera
was simultaneously high by +1 gray level. Second, the resulting error in frequency by
propagating these two ratios through the Boltzmann fitting function was computed. Next, a
similar error estimate of the laser frequency from the voltage noise in the reference and
signal photodiodes in the LFMS was added in. The difference between these frequencies
gives the error in frequency due to a ±1 gray level camera error. Finally, the sensitivity in
MHz/(m/s) that is a function of the geometry of the DGV setup was used to obtain the
resulting predicted velocity error.
A plot of this error along a vertical cut through a typical raw data image of the jet at
x/D=2 from the data shown in Figures 6.21 and 6.22 is shown in Figure 6.64 for the axial
velocity as measured by the back scatter component. Figure 6.65 shows the expected axial
velocity error at x/D=2 for the forward scatter component. These figures show that the error
becomes very high at the edges of the jet where the gray levels are low due to lack of seeding
material. Similar trends are seen at x/D=5 for the data shown in Figures 6.49 and 6.50.
Figures 6.66 and 6.67 show the expected axial velocity error at x/D=5 for the forward scatter
component and the backward scatter component, respectively.

The error at x/D=5 is

generally higher than at x/D=2 due to mixing of smoke, which led to reduced gray levels. At
both x/D=2 and x/D=5, the best accuracy that can be expected using this model for a single
DGV image is ±5-10 m/s in the regions where the gray levels are sufficient. The figures
shown are the error for just one image. It should be noted that the actual data presented

34

consists of an average of 30 images using 5x5 binning which reduces the predicted error for
the present error model to less than ±1 m/s.

6.2 Wing Model Vortex
The wing model data has all been reduced orthogonally since the back scatter
component has very little sensitivity to the axial velocity due to the geometry of the DGV
measurement system. The first set of wing data presented is at 68.58 cm (27 in) from the
trailing edge of the wing model (x/c=4.5). The wing model was at 10 degrees angle of attack
and there was no tip blowing. Figure 6.66 shows the axial velocity. The wind tunnel was
operating at 2.54 cm of water which corresponds to approximately 22 m/s in the test section.
Because the flow seeding was very unsteady and the gray levels were low, particularly for
the back scatter component, the velocity field for the entire vortex is not visible. The center
of the vortex has also been deleted since the complete lack of smoke in the core would result
in very high error in the reported velocities.

Figure 6.69 shows the lateral velocity in the

vortex at x/c=4.5. Again the core has been deleted since there was no smoke in this region.
Figure 6.70 shows the axial velocity from a second data run at the same location and
velocity. The need for more laser illumination and more adequate flow seeding is again
visible. Figure 6.71 is the lateral velocity from the second run at x/c=4.5. Although more
signal is needed to get a complete view of the axial velocity, the lateral velocity profile
corresponding to the vortex is clearly visible. Figure 6.72-6.75 display a third and fourth run
at x/c=4.5 and 2.54 cm of water to show repeatability of the measurements. In each case the
lateral velocity image has a much stronger signal and the error is about ±10 m/s. Figure 6.76
is a graph of the lateral velocity from Figure 6.69 cut in the x and y direction. The y-cut from
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Figure 6.76 shows the lateral velocity to be near zero close to the core and positive above the
core and nearly equal in magnitude but negative below the core. The magnitude of lateral
velocity is about 0.5 times the free stream value. This agrees with measurements made by
Delery et al. (1984) where the tangential velocities were observed to be 25-75% of the free
stream velocity.
Figure 6.77 shows the axial velocity at x/c=4.5, 2.54 cm of water, and tip blowing.
The axial velocity is nearly the same magnitude as the velocities measured above without tip
blowing. Figure 6.78 is the lateral velocity at x/c=4.5 and 2.54 cm of water with tip blowing.
The lateral velocity is also nearly the same as the non tip blowing runs.
The next set of data taken at x/c=4.5 was at 1.27 cm of water which corresponds to
approximately 15.5 m/s in the test section. Figure 6.79 shows the measured axial velocity at
1.27 cm of water with an angle of attack of 17 degrees. Figure 6.80 shows the corresponding
lateral velocity at 1.27 cm of water with an angle of attack of 17 degrees.
The wing model was then moved downstream and data was taken at 21.59 cm from
the trailing edge (x/c=1.42). Figure 6.81 shows the axial velocity at 2.54 cm of water and 10
degrees angle of attack. The lateral velocity for this run can be seen in Figure 6.82. Figures
6.83 and 6.84 show velocity images from a second run with the same parameters. In general,
the signal was stronger at x/c=1.42 than at x/c=4.5. This is especially apparent in the axial
velocity images. One reason for this is the increase in smoke density at this measurement
area.
The wing model was again moved and data was taken at 7.62 cm from the trailing
edge of the model (x/c=0.5). Figure 6.85 shows the axial velocity at 1.27 cm of water with
an angle of attack of 10 degrees. Figure 6.86 is the corresponding lateral velocity image.
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Figures 6.87 and 6.88 show a second run at x/c=0.5 and 1.27 cm of water with 10 degrees
angle of attack; these data appear quite similar to the results in Figure 6.85 and 6.86.
The same error model used for the jet has been used for the wing vortex results. A
plot of this error calculated using a typical raw data image of the vortex at x/c=0.5 from the
data taken on February 10th is shown in Figure 6.89 for the velocity as measured by the back
scatter component. Figure 6.90 shows the predicted velocity error at x/c=0.5 for the same
data set, for the forward scatter component. These figures show that the error becomes very
high at the core of the vortex and outside the vortex where the gray levels are low due to lack
of smoke. The same analysis was done for a typical data image at x/c=4.5 from the raw data
images shown in Figures 6.5 and 6.6. Figures 6.91 and 6.92 show the predicted axial
velocity error at x/c=4.5 for the forward scatter component and the backward scatter
component, respectively. The vortex wasn’t centered in the image for this set of data;
therefore, the cuts weren’t through the center of the vortex and the low smoke levels in the
core aren’t visible. The high error outside the edge of the vortex is still visible, however. At
both x/c=0.5 and x/c=4.5, the best accuracy that is predicted for a single image using this
model is ±10 m/s in the regions where the gray levels are sufficient. With 5x5 binning, the
error model predicts this minimum velocity resolution of velocity in the sensitivity direction
to be ±2 m/s, for a single image or ±0.4 m/s for averages of 30 frames using 5x5 binning.

Chapter 7: Conclusions and Recommendations
A two-component Doppler global velocimetry (DGV) system has been improved and
utilized to acquire velocity data on a turbulent jet flow and a wing model in a wind tunnel
flow at WVU. The wing model used in the wind tunnel was a NACA 2412 airfoil. The wing
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half span was 40.64 cm (16 in) and the chord was 15.24 cm (6 in). A small nozzle on the
trailing edge of the wingtip was connected to a tube that ran through the wing and outside the
tunnel to a source of compressed air, which allowed for tip blowing.

DGV measurements

were made at various locations downstream of the wing model.
Significant improvements were made to both the DGV computer hardware and
software. Previously, two computers were needed to acquire the DGV data and reference
voltages. The process now requires just one computer. Also, a larger hard drive and a faster
processor were installed in the data acquisition computer.

This speeds up both the

acquisition and reduction processes. The Visual Basic code and the Excel macros used to
acquire and reduce data were significantly improved, which also decreases the amount of
time needed to acquire and reduce data. Also, several DGV components that failed have been
replaced or repaired: e. g., the data acquisition PC hard drive that failed, two iodine cells that
also failed after 4 years of continuous operation, and a camera tripod that held one of the
DGV components also failed. It also was necessary to modify the test section to accept the
wing model and to get good enough optical access for the DGV system.
DGV measurements were taken on the turbulent jet at x/c=1.25, 1.5, 2, 3, and 5 with
accuracies comparable to earlier results of Kuhlman, et al. (2002). The level of scatter or
noise observed was about ±2-4 m/s.

Flat field correction errors were observed to be

approximately ±5 m/s when the white card was omitted. The observed offset was as high as
approximately 10 m/s. This offset is attributed to greater difficulties in calibration of the
iodine cells. DGV measurements were taken on the wing model at x/D=4.5, 1.42, and 0.5
with accuracies comparable to the jet data, but only in very limited regions of sufficient flow
seeding and laser illumination. Assuming a camera noise of ±1 gray level, the best accuracy
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that can be expected using the present error model is ±5-10 m/s for a single image in the
regions where the gray levels are sufficient. With a 5x5 averaging filter, this predicted error
is ±1-2 m/s for one image, or ±0.2-0.4 m/s for averages of 30 images. It should be noted that
this error model doesn’t account for error due to calibration inaccuracies, flat field image
errors, or reflection from model surfaces. The observed error in regions of sufficient smoke
and laser illumination were within this range. Additional “offset” error due to calibration
inaccuracies and reflection was also observed.
Possible improvements to the current DGV system include installing a mechanism to
allow the excess smoke to vent from the wind tunnel to prevent unwanted attenuation of the
laser light sheet. Also, normalizing the calibration curves of the iodine cells is another
improvement that could significantly reduce the amount of time required to make DGV
measurements. Currently, the iodine cells must be calibrated each time data is taken to
account for differences in geometry and camera settings, which allow different amounts of
light into the CCD cameras. If the calibration routine were normalized, perhaps calibration
wouldn't need to be performed every time data is taken. Approximately 75% of the total time
in making DGV measurements is devoted to alignment and calibration procedures.
Therefore the time needed to acquire a data set would be greatly reduced if calibration wasn't
necessary every time data is taken. An additional improvement to the calibration would be
the use of iodine cells with the same absorption curve. The cells used here had different
absorption levels at different frequencies, thus making calibration more difficult.
Another suggested improvement is the use of an x-y-z stage for the positioning of the
dot card.

This would allow more accurate placement of the dot card and would improve

accuracy as well as reduce the time needed to take dot card images.
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Upgrading to 12-bit or 16-bit cameras would improve the signal to noise ratio and
improve measurement accuracy. More laser illumination in the measurement area improves
the quality of the DGV images and reduces the amount of smoke seeding needed. A new
plasma tube for the argon laser would increase the laser illumination available. The power
output from the laser used decreased from 0.6 Watts to 0.12 Watts during the six month test
period.
Currently, if the gray levels on certain pixels are above or below a predetermined set
point, the data reduction software disregards these pixels in computing velocities. A possible
improvement may be to include the error model presented in the present work for low gray
levels to give an automated rationale for deleting unreliable and inaccurate data, based on a
maximum acceptable uncertainty in the measured velocity.
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Figure 1.1: Vector geometry for a two-component DGV system

Figure 4.1: Schematic of WVU closed return wind tunnel
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Flow

Figure 4.2: Schematic of DGV test geometry (dimensions in inches)
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Figure 4.3: Wing model in WVU wind tunnel

Figure 4.4: Diagram of Laser Frequency Monitoring System (LFMS)
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Figure 4.5: DGV velocity measurement component

Figure 4.6: Original iodine cell wrapped in heater tape and metal foil
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Figure 4.7: Replacement iodine cell wrapped in heater tape and metal foil

Figure 5.1: Dot card image before dewarping
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Figure 5.2: Plot of raw calibration file
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Figure 5.3: Averaged calibration curves showing Boltzmann curve fits, 9-26-03
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Figure 5.4: Averaged calibration curves showing Boltzmann curve fits, 2-18-04

Figure 6.1: Tip vortex at less than 1.27 cm (1/2 in) H2O tunnel speed without tip blowing
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Figure 6.2: Tip vortex at 2.54 cm (1 in) of H2O tunnel speed without tip blowing
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Figure 6.3: Raw signal image obtained by CCD, forward scatter (2-10-04)

Figure 6.4: Raw signal image obtained by CCD, back scatter (2-10-04)
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Figure 6.5: Raw signal image obtained by CCD, forward scatter (2-5-04)

Figure 6.6: Raw reference image obtained by CCD cameras, forward scatter (2-5-04)
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50 m/s

0 m/s
Figure 6.7: Axial velocity in jet, x/D=1.25, back scatter, 2-5-04

50 m/s

0 m/s
Figure 6.8: Axial velocity in jet, x/d =1.25, forward scatter, 2-5-04
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Figure 6.9: Axial velocity profile cuts in x and y direction on jet at x/D=1.25

60 m/s

Figure 6.10: Axial velocity in jet, x/D=1.25, orthogonal, 2-5-04
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Figure 6.11: Lateral velocity in jet, x/D=1.25, orthogonal, 2-5-04
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Figure 6.12: Axial velocity profile cuts in x and y direction on jet x/D=1.25
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Figure 6.13: Lateral velocity profile cuts in x and y direction on jet at x/D=1.25

50 m/s

0 m/s
Figure 6.14: Axial velocity in jet, x/D=1.5, back scatter, no w.c., 2-10-04
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60 m/s

0 m/s
Figure 6.15: Axial velocity in jet, x/D=1.5, forward scatter, no w.c., 2-10-04
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Figure 6.16: Axial velocity profile cuts in x and y direction on jet x/D=1.5, no w.c.
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Figure 6.17: Axial velocity in jet, x/D=1.5, orthogonal, no w.c., 2-10-04
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-15 m/s
Figure 6.18: Lateral velocity in jet, x/D=1.5, orthogonal, no w.c., 2-10-04
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Figure 6.19: Axial velocity profile cuts in x and y direction on jet, x/D=1.5, no w.c.
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Figure 6.20: Lateral velocity profile cuts in x and y direction on jet x/D=1.5, no w.c.
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40 m/s

0 m/s
Figure 6.21: Axial velocity in jet, x/D=2, back scatter, 2-18-04

50 m/s

0 m/s
Figure 6.22: Axial velocity in jet, x/D=2, forward scatter, 2-18-04
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Figure 6.23: Axial velocity profile cuts in x and y direction on jet x/D= 2
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0 m/s
Figure 6.24: Axial velocity in jet, x/D=2 in, back scatter, 2-18-04
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60 m/s

0 m/s
Figure 6.25: Axial velocity in jet, x/D=2, forward scatter, 2-18-04
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Figure 6.26: Axial velocity profile cuts in x and y direction on jet at x/D=2
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60 m/s

0 m/s
Figure 6.27: Axial velocity in jet x/D=2, orthogonal, 2-18-04
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-10 m/s
Figure 6.28: Lateral velocity in jet x/D=2, orthogonal, 2-18-04
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Figure 6.29: Axial velocity profile cuts in x and y direction on jet x/D=2
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Figure 6.30: Lateral velocity profile cuts in x and y direction on jet at x/D=2
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50 m/s

0 m/s
Figure 6.31: Axial velocity in jet, x/D=2, orthogonal, 2-18-04

10 m/s

-10 m/s
Figure 6.32: Lateral velocity in jet x/D=2, orthogonal, 2-18-04
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Figure 6.33: Axial velocity profile cuts in x and y direction on jet, x/D= 2
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Figure 6.34: Lateral velocity profile cuts in x and y direction on jet, x/D=2
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30 m/s

0 m/s
Figure 6.35: Axial velocity in jet, x/D=3, back scatter, 2-18-04

50 m/s

0 m/s
Figure 6.36: Axial velocity in jet, x/D=3, forward scatter, 2-18-04
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Figure 6.37: Axial velocity profile cuts in x and y direction on jet x/D=3

30 m/s

0 m/s
Figure 6.38: Axial velocity in jet, x/D=3, back scatter, 2-18-04
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50 m/s

0 m/s
Figure 6.39: Axial velocity in jet, x/D=3, forward scatter, 2-18-04
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Figure 6.40: Axial velocity profile cuts in x and y direction on jet x/D=3
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60 m/s

0 m/s
Figure 6.41: Axial velocity in jet, x/D=3, orthogonal, 2-18-04

10 m/s

-10 m/s
Figure 6.42: Lateral velocity in jet, x/D=3, orthogonal, 2-18-04
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Figure 6.43: Axial velocity profile cuts in x and y direction on jet x/D=3
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Figure 6.44: Lateral velocity profile cuts in x and y direction on jet, x/D=3
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50 m/s

0 m/s
Figure 6.45: Axial velocity in jet x/D=3, orthogonal, 2-18-04

10 m/s

-10 m/s
Figure 6.46: Axial velocity in jet x/D=3, orthogonal, 2-18-04
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Figure 6.47: Axial velocity profile cuts in x and y direction on jet, x/D=3
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Figure 6.48: Lateral velocity profile cuts in x and y direction on jet, x/D=3
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30 m/s

0 m/s
Figure 6.49: Axial velocity in jet, x/D=5, back scatter, 2-18-04

40 m/s

0 m/s
Figure 6.50: Axial velocity in jet, x/D=5, forward scatter, 2-18-04
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Figure 6.51: Axial velocity profile cuts in x and y direction on jet,x/D=5

30 m/s

0 m/s
Figure 6.52: Axial velocity in jet, x/D=5, back scatter, 2-18-04

78

40 m/s

0 m/s
Figure 6.53: Axial velocity in jet, x/D=5, forward scatter, 2-18-04

50
40
velocity (m/s)

30
x

20

y

10
0
-10
-0.8

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

r/D

Figure 6.54: Axial velocity profile cuts in x and y direction on jet, x/D=5
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50 m/s

0 m/s
Figure 6.55: Axial velocity in jet, x/D=5, orthogonal, 2-18-04

10 m/s

-10 m/s
Figure 6.56: Lateral velocity in jet, x/D=5, orthogonal, 2-18-04
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Figure 6.57: Axial velocity profile cuts in x and y direction on jet, x/D=5
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Figure 6.58: Lateral velocity profile cuts in x and y direction on jet, x/D=5
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40 m/s

0 m/s
Figure 6.59: Axial velocity in jet, x/D=5, orthogonal, 2-18-04

10 m/s

-10 m/s
Figure 6.60: Lateral velocity in jet, x/D=5, orthogonal, 2-18-04
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Figure 6.61: Axial velocity profile cuts in x and y direction on jet, x/D=5
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Figure 6.62: Lateral velocity profile cuts in x and y direction on jet, x/D=5
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Figure 6.63: DGV data from turbulent jet and velocity cuts (Kuhlman, et al. 2002)
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Figure 6.64: Expected axial velocity error in jet at x/D=2, back scatter
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Figure 6.65: Expected axial velocity error in jet at x/D=2, forward scatter
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Figure 6.66: Expected axial velocity error in jet at x/D=5, back scatter
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Figure 6.67: Expected axial velocity error in jet at x/D=5, forward scatter
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20 m/s

0 m/s
Figure 6.68: Wingtip vortex axial velocity x/c=4.5, (2.54 cm H2O), aoa=10°, 1-27-04

Figure 6.69: Wingtip vortex lateral velocity, x/c=4.5, (2.54 cm H2O), aoa=10°, 1-27-04
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20 m/s

0 m/s
Figure 6.70: Wingtip vortex axial velocity, x/c=4.5, (2.54 cm H2O), aoa=10°, 1-27-04

Figure 6.71: Wingtip vortex lateral velocity, x/c=4.5, (2.54 cm H2O), aoa=10°, 1-27-04
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20 m/s

0 m/s
Figure 6.72: Wingtip vortex axial velocity, x/c=4.5, (2.54 cm H2O), aoa=10°, 1-27-04

Figure 6.73: Wingtip vortex lateral velocity, x/c=4.5, (2.54 cm H2O), aoa=10°, 1-27-04
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20 m/s

0 m/s
Figure 6.74: Wingtip vortex axial velocity, x/c=4.5, (2.54 cm H2O), aoa=10°, 1-27-04

Figure 6.75: Wingtip vortex lateral velocity, x/c= 4.5, (2.54 cm H2O), aoa=10°, 1-27-04
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Figure 6.76: Wingtip vortex lateral velocity profile cuts, x/c=4.5, (2.54 cm H2O), aoa=10°

20 m/s

0 m/s
Figure 6.77: Wingtip vortex axial velocity, x/c=4.5, (2.54 cm H2O), aoa=10°, blowing, 2-5-04
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-10 m/s

Figure 6.78: Wingtip vortex lateral velocity, x/c=4.5, (2.54 cm H2O), aoa=10°, blowing, 2-5-04
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20 m/s

0 m/s
Figure 6.79 Wingtip vortex axial velocity, x/c=4.5, (2.54 cm H2O), aoa=17°, 2-5-04
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20 m/s

-10 m/s

Figure 6.80: Wingtip vortex lateral velocity, x/c=4.5, (2.54 cm H2O), aoa=17°, 2-5-04
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30 m/s

0 m/s
Figure 6.81: Wingtip vortex axial velocity, x/D=1.42, (2.54 cm H2O), aoa=10°, 2-11-04

15 m/s

-15 m/s
Figure 6.82: Wingtip vortex lateral velocity, x/c=1.42, (2.54 cm H2O), aoa=10°, 2-11-04
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30 m/s

0 m/s
Figure 6.83: Wingtip vortex axial velocity, x/c=1.42, (2.54 cm H2O), aoa=10°, 2-11-04

20 m/s

-15 m/s
Figure 6.84: Wingtip vortex lateral velocity x/c=1.42, (2.54 cm H2O), aoa=10°, 2-11-04
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Figure 6.85: Wingtip vortex axial velocity x/c=0.5, (1.27 cm H2O), aoa=10°, 2-10-04

25 m/s

-10 m/s
Figure 6.86: Wingtip vortex lateral velocity, x/c=0.5, (1.27 cm H2O), aoa=10°, 2-10-04

97

20 m/s

0 m/s
Figure 6.87: Wingtip vortex axial velocity, x/c=0.5, (1.27 cm H2O), aoa=10°, 2-10-04

10 m/s

-10 m/s
Figure 6.88: Wingtip vortex lateral velocity, x/c=0.5, (1.27 cm H2O), aoa=10°, 2-10-04
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Figure 6.89: Expected axial velocity error in vortex, x/c=0.5, back scatter
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Figure 6.90: Expected axial velocity error in vortex, x/c=0.5, forward scatter
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Figure 6.91: Expected axial velocity error in vortex, x/c=4.5, back scatter
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Figure 6.92: Expected axial velocity error in vortex, x/c=4.5, forward scatter
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Appendix A: Rotameter Calibration

TA =

70

F

=

530

PA =

1.25

psig

=

15.74

14.49

psia

Calibrated for air at

Patm =

29.5

in Hg

=

T B=

120

F

=

580

PB =

0.2

psig

=

14.69

QA =

18

CFH

=

0.3

R
psia

R
psia
CFM
standard conditions
TC =

518

R

PC =

14.7

psia

Correct for what meter was calibrated for

PATB
PB T A

QB = Q A

QB =

Correct to SCFM

19.4911

QC = Q B

CFH

QC =

17.4

SCFH =

=

0.0023

slug/ft

PB TC
PC T B

0.29

SCFM

Calculate a mass flow rate

ρC =

PC
RTC

3

=

0.0766

lbm/ft

=

0.0222

lbm/min

=

0.00069

in
2
ft

=

0.0042

3

.

m = ρ C QC
Calculate a velocity

d=
A=

0.05
1.36E-05

slug/min =

1.15E-05

slug/s

ft

.

m
V =
=
ρA

354.5

ft/s

Calculate Mach
number

M =

V

γ RT

=

0.30
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